Abstract. Diabetes is an independent risk factor for atrial fibrillation (AF); however, the underlying mechanism linking diabetes and AF remains to be clarified. The present study aimed to explore the molecular mechanism of increased reactive oxygen species (ROS) production in AF and the ROS-mediated downstream events in diabetes. Firstly, the atrial fibroblasts were isolated from the left atrium of rabbits using enzyme digestion and differential adhesion. Then, the isolated cells were identified by morphology analysis under a microscope, collagen distribution using Masson trichrome staining and vimentin by immunofluorescence. Following this, the collected atrial fibroblasts were randomly divided into 7 groups and administered with high glucose (25 mM glucose), H 2 O 2 stimulation (100 nmol/l), glucose + apocynin (100 µg/ml), H 2 O 2 + apocynin, glucose + H 2 O 2 , and a combination of glucose, apocynin and H 2 O 2 , as well as the negative control (NC). An MTS assay was performed to investigate cell proliferation following the different treatments, and western blotting was conducted to explore the expression of several proteins including NAD(P)H oxidative (NOX) subunits, key factors involved in mitogen-activated protein kinase (MAPK) signaling pathways and matrix metalloproteinases (MMPs). The atrial fibroblasts were spindle-shaped with one or more protuberances. Vimentin was positively expressed in collected cells under confocal laser scanning microscopy. This result indicated that the atrial fibroblasts were successfully prepared. High glucose and H 2 O 2 stimulation significantly increased the proliferation of atrial fibroblasts and apocynin markedly attenuated the promoting effects on cell proliferation induced by high glucose and H 2 O 2 treatment (P<0.05). Additionally, high glucose and H 2 O 2 stimulation increased the expression of Rac1, phospho(p)-c-Jun N-terminal kinase 1, p38, p-p38 and MMP9, which was markedly decreased by the addition of apocynin (P<0.05). The mechanism associated with diabetes and AF may be attributed to oxidative stress (ROS production) derived from NOX activity, and then induced activation of the MAPK signaling pathways and MMP9 expression.
Introduction
Atrial fibrillation (AF) is the most common cardiac arrhythmia, which is characterized by rapid, irregular electrical and mechanical activation of the atria, leading to uncoordinated contraction and atrial thrombi formation (1) . AF has become an increasing health-care burden; there is an increased risk of mortality and morbidity in patients with AF, primarily due to stroke and heart failure, resulting in disability and large healthcare costs (2) . The incidence of AF increases with age (3, 4) . In addition, several factors have been demonstrated to be associated with the development of AF, including the presence of ischemic heart disease, hypertension, diabetes, cardiopulmonary diseases and heavy alcohol consumption (5, 6) . Furthermore, AF is a common postoperative complication, particularly in patents following cardiothoracic surgery (7) .
AF pathogenesis is very complex and multifactorial, and the detailed molecular mechanism underlying AF development is still unidentified. Beneficial efficacy has been reported for current drugs used to treat AF, which primarily act by blocking β-adrenergic receptors or ion channels; however, limited long-term efficacy has been identified (8, 9) . Thus, better understanding of the underlying molecular mechanism is essential for developing novel therapeutic strategies for AF. Previous studies indicated that atrial electrical remodeling and structural remodeling are the pathological basis for AF generation and maintenance (10, 11) . In addition, it is well accepted that inflammation and oxidative stress serve an important role in the development of AF (10, 11) .
Oxidase stress refers to the imbalance of pro-oxidants and antioxidants in vivo, shifting the balance towards pro-oxidants. An excess of reactive oxygen species (ROS) can directly cause myocardial apoptosis and fibrosis (10) . In addition, the increased level of ROS, including superoxide and H 2 O 2 , has been observed to be associated with AF development (12) (13) (14) . Increased levels of ROS also induce proteins, lipids and DNA damage, and promotes inflammation by stimulating inflammatory factor secretion from activated inflammatory cells (15, 16) . Furthermore, ROS has been reported to be involved in cardiac electrical and structural remodeling (17, 18) . The promoting effects of ROS on inflammation and cardiac remodeling increase susceptibility to AF. Antioxidants that are capable of reducing peroxidation can reverse cardiac structural remodeling and fibrosis (19) . However, the molecular mechanism of increased ROS production in AF and the ROS-mediated downstream events have not been defined. NAD(P)H oxidases (NOXs) are a major initiating source for increased ROS production in cardiovascular diseases. The present study will discuss its role in AF development.
Additionally, diabetes is an independent risk factor for AF (20, 21) , and the mechanism underlying AF development induced by diabetes may be associated with oxidase stress (excess ROS) and inflammation (22, 23) . Therefore, the present study was performed to explore the molecular mechanism of increased ROS production and ROS-mediated downstream events in AF induced by diabetes.
Materials and methods
Isolation and cultivation of atrial fibroblasts. The present study obtained experimental animal use approval from the Experimental Animal Administration Committee of Tianjin Medical University and Tianjin Municipal Commission for Experimental Animal Control (Tianjin, China), following the guidelines established by the U.S. National Institutes of Health (https://grants.nih.gov/grants/olaw/guide-for-the-care-and-useof-laboratory-animals.pdf).
Male New Zealand rabbits at 3-4 months old (n=60; weight, 1.5-2.0 kg) provided by Tianjin Institute of Cardiology (Tianjin, China) were used in the present study. Rabbits were housed in a specific pathogen-free animal room maintained at 25˚C, 60% humidity and on a 12-h light/dark cycle with free access to food and water prior to experiments. Primarily, the rabbits were anesthetized with an intravenous injection of ketamine (75 mg/kg) and xylazine (0.75 mg/kg) and then sacrificed with a lethal dose of thiopental (35 mg/kg). Hearts were removed via median thoracotomy and immediately immersed in precooled phosphate-buffered saline (PBS; Wuhan Boster Biological Technology, Ltd., Wuhan, China) containing penicillin (100 U/ml) and streptomycin (100 µg/ml). Subsequently, the epicardium and adipose tissue were cut using eye scissors and the tissues of the left atrium were cut into 1 mm 3 patches. These patches were rinsed with PBS until the red blood cells were removed. Then atrial tissue samples were subjected to enzymatic digestion (0.25% trypsin) at 37˚C under agitation (60 rpm) for 10 min and dispersed by gentle trituration with a pipette. The supernatant was collected and mixed with 2 ml Dulbecco's modified Eagle's medium (DMEM; Cellgro; Corning Inc., Corning, NY, USA) containing 4 mM glucose. The mixture was centrifuged at 600 x g for 4 min at room temperature to precipitate cells. Then cells were suspended with PBS and perfused with 0.1% collagenase II for 10 min. DMEM containing 10% fetal bovine serum (FBS; Junyao Biotechnology Co., Ltd., Beijing, China) was added to the mixture to terminate digestion and centrifugation was performed at 500 x g for 5 min at room temperature to pellet the cells. The harvested cells were collected in DMEM containing 10% FBS and incubated in an incubator with 37˚C and 5% CO 2 for 60-90 min. Following this, the adherent cells were harvested and incubated in DMEM containing 20% FBS and 4 mM glucose at 37˚C and 5% CO 2 . Cells were passaged three times.
Identification of atrial fibroblasts by Masson trichrome staining.
The cultured cells were placed on slides and fixed in 4% formaldehyde at room temperature for 15 min. Following three washes with DMEM, cells were stained in hematoxylin solution at room temperature for 5 min. Excess dye was removed with hydrochloric acid in ethanol and then cells were stained with Ponceau-acid fuchsin at room temperature for 10 min. Cells were immersed in 2% glacial acetic acid solution, followed by 1% phosphomolybdic acid solution (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Without washing, cells were directly stained with aniline blue at room temperature for 5 min. Excess dye was removed with phosphomolybdic acid solution (1%) and glacial acetic acid solution (1%). Finally, cells were dehydrated by an alcohol gradient, washed with xylene and then sealed with neutral gum.
Identification of vimentin by immunofluorescence.
The cultured slides of atrial fibroblasts (1x10 6 /ml) were transferred to 6-well plates and washed with cold PBS solution for 5 min. Then slides were treated with 4% formaldehyde for fixation at 4˚C for 15 min and permeated with 2% Triton X-100 in PBS solution at 4˚C for 20 min. Following washing with PBS solution containing 0.25% Triton X-100, slides were blocked with PBS containing 5% bovine serum albumin (Sigma-Aldrich; Merck KGaA) and 0.5% sheep serum albumin solution (BD Biosciences, Franklin Lakes, NJ, CA, USA) for 4 h. Subsequently, slides were incubated with mouse anti-vimentin antibodies (ab28028; Abcam, Cambridge, MA, USA) diluted to 1:500 at 4˚C overnight, followed by horseradish peroxidase (HRP)-conjugated goat anti mouse IgG (ab205719; Abcam) diluted to 1:1,000 for 1 h at room temperature. Slides were counterstained with 4'6-diamidino-2-phenylindole for 10 min at room temperature and 10 random fields were viewed using a confocal laser scanning microscope.
Treatments in atrial fibroblasts. The cultured atrial fibroblasts were randomly divided into seven groups and treated as follows: i) NC group, cells were cultured in DMEM medium containing 4 mM glucose without any treatment; ii) Glu group, cells were cultured in DMEM medium containing 25 mM glucose without other treatment; iii) Glu+Apo group, cells were cultured in DMEM medium containing 25 mM glucose and 100 µg/ml apocynin (Sigma-Aldrich; Merck KGaA); iv) H 2 O 2 group, cells were cultured in DMEM medium containing 4 mM glucose and treated with 100 nmol/l H 2 O 2 ; v) H 2 O 2 +Apo group, cells were cultured in DMEM medium containing 4 mM glucose and 100 µg/ml apocynin, and treated with 100 nmol/l H 2 O 2 ; vi) Glu+H 2 O 2 group, cells were cultured in DMEM medium containing 25 mM glucose and treated with 100 nmol/l H 2 O 2 ; vii) Glu+H 2 O 2 +Apo group, cells were cultured in DMEM medium containing 25 mM glucose and 100 µg/ml apocynin, and treated with 100 nmol/l H 2 O 2 .
Detection of cell proliferation by MTS assay.
The cultured atrial fibroblasts (3,000/well) following the different treatments were placed in 96-well plates and detected for cell proliferation following incubation for 1, 3 and 5 days by MTS assay (Promega Corp., Madison, WI, USA). Briefly, 100 µl DMEM containing 20% MTS solution was added to each well of the 96-well plates, which were then incubated in an incubator with 37˚C and 5% CO 2 for 2 h. The optical density (OD) was then read at 490 nm with a microplate spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA). Cell proliferation was evaluated according to the standard curve of OD value, which was plotted based on different cell densities (0, 1x10 3 , 3x10 3 , 5x10 3 , 1x10 4 and 2x10 4 /well).
Western blot analysis.
Following 72 h incubation, atrial fibroblasts were washed with precooled PBS and lysed in radioimmunoprecipitation assay buffer (150 mM NaCl, 1% Nonidet P40, 0.5% deoxysodium cholate, 0.1% SDS and 50 mM Tris-HCl) solution containing 10 µl protease inhibitor cocktail (Sigma-Aldrich; Merck KGaA) for 20 min on ice. The lysates were separated by centrifugation at 4˚C and 600 x g for 20 min and the supernatant was collected. Total protein concentration was evaluated using a bicinchoninic acid assay kit (Pierce; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Following this, protein samples (30 µg) were separated by 8-14% SDS-PAGE and transferred onto polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). Then membranes were blocked in 5% non-fat milk in TBS with 0.05% Tween-20 (TBST) at room temperature for 2 h. Following washing with TBST three times, membranes were incubated with mouse anti-extracellular signal-regulated kinase 1 (Erk1; ab32537; 1:1,000; Abcam), phospho-Erk1 (ab131438; 1:1,000), Ras-related C3 botulinum toxin substrate 1 precursor (Rac1; ab33186; 1:1,000), phospho-p38 (ab4822; 1:1,000), phospho-c-Jun N-terminal kinase 1 (Jnk1; ab47337; 1:1,000), p22phox (ab75941; 1:1,000), matrix metalloproteinase 2 (MMP2; ab2462; 1:1,000), MMP9 (ab58803; 1:500), gp91phox (ab80508; 1:1,000), Jnk1 (ab213521; 1:1,000), p38 (ab-31828; 1:1,000) and β-actin (ab8226; 1:10,000) antibodies at 4˚C overnight, followed by incubation with HRP-labeled secondary antibodies (ab205719; 1:10,000; all from Abcam) at room temperature for 2 h. Finally, membranes were washed with TBST and visualized by enhanced chemiluminescence reagents and the Chemi-Doc imaging system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The expression of specific protein was quantified by the grey value normalized to β-actin using TotalLab software version 1.11 (Ultra-Lum Inc., Claremont, CA, USA).
Statistical analysis. In the present study, data were presented as the mean ± standard deviation and subjected to a one-way analysis of variance followed by Duncan's multiple range test. P<0.05 was considered to indicate a statistically significantly difference. All statistical analysis was performed using SPSS software (version 21.0; IBM SPSS, Armonk, NY, USA).
Results
Cell morphology of atrial fibroblasts. At 3 days following incubation, cell clumps crowded with spindle cells were observed at x100 magnification (Fig. 1A) . At x250 magnification, the atrial fibroblasts were spindle-shaped with one or more protuberances. Cell nuclei were large with finely dispersed chromatin and 2-5 nucleoli (Fig. 1B) . In addition, following Masson trichrome staining, cytoplasmic granules such as ribosomes were stained in red and cell nuclei were in pale blue. Granular or cord-like blue components were observed, which represented the distribution of collagen in atrial fibroblasts (data not shown).
Identification of vimentin in atrial fibroblast.
The expression of vimentin in atrial fibroblasts was detected by immunofluorescence assay. As demonstrated in Fig. 2 , a large number of vimentin-positive cells (stained in green) were observed under confocal laser scanning microscopy. This result indicated that the atrial fibroblasts were successfully prepared.
Detection of cell proliferation following the different treatments.
In the present study, cell proliferation was detected by MTS assay. To further identify the differences in cell proliferation, the growth curves of atrial fibroblasts following the different treatments based on cell counts on days 1, 3 and 5 were plotted and the slopes of the curves were calculated. The average slopes in the different groups were presented in Fig. 3 Fig. 4B and C) . The addition of NADPH oxidase inhibitor apocynin did not significantly alter the expression of p22phox and gp91phox. the present study also detected the expression of several key factors involved in MAPK signaling pathways and the results were shown in Fig. 5 . When compared with the NC group, no significant changes were observed in Erk1 and phospho-Erk1 expression following treatment with high glucose, H 2 O 2 stimulation and their combination. The addition of apocynin did not .05, as indicated. Erk1, extracellular signal-regulated kinase 1; phospho/phos-, phosphorylated; Jnk1, c-Jun N-terminal kinase 1; NC, normal control; Apo, apocynin; Glu group, cells were treated with 25 mM glucose; Glu+Apo group, cells were treated with 25 mM glucose and 100 µg/ml apocynin; H 2 O 2 group, cells were treated with 100 nmol/l H 2 O 2 ; H 2 O 2 +Apo group, cells were treated with 100 µg/ml apocynin and 100 nmol/l H 2 O 2 ; Glu+H 2 O 2 group, cells were treated with 25 mM glucose and 100 nmol/l H 2 O 2 ; Glu+H 2 O 2 +Apo group, cells were treated with 25 mM glucose, 100 µg/ml apocynin and 100 nmol/l H 2 O 2 ; a.u., arbitrary units.
Detection of the expression and activity of key factors involved in mitogen-
significantly change the expression of Erk1 and phospho-Erk1 expression when compared with the corresponding treatment. Although there was no significant change in Jnk1 expression following high glucose and H 2 O 2 treatment, the phospho-Jnk1 expression was significantly increased following H 2 O 2 stimulation and the combination of high glucose and H 2 O 2 stimulation (P<0.05). Additionally, the expression of phospho-Jnk1 was significantly reduced following the addition of apocynin when compared with the Glu+H 2 O 2 and H 2 O 2 groups (P<0.05). In addition, high glucose and H 2 O 2 treatment induced an increase in p38 and phospho-p38 expression, and a significant difference was observed following H 2 O 2 treatment and combined treatments for p38 expression, and for all treatments when analyzing phospho-p38 expression (P<0.05). The increased expression of p38 and phospho-p38 expression was significantly alleviated by the addition of apocynin (P<0.05).
Detection of the expression of MMPs. Western blotting was also performed to explore the expression of MMP2 and MMP9. As displayed in Fig. 6, the 
Discussion
Diabetes is a significant AF risk factor accounting for 10-25% of AF cases (24) , while the underlying mechanisms associated with diabetes and AF remain under speculation. Increasing evidence has indicated that oxidative stress serves an important role in the pathogenesis of AF, and an increased level of ROS has been reported to be associated with AF development and maintenance (13, 25) . In addition, ROS production has been suggested to be involved in the AF pathophysiology in a diabetic rabbit model (26, 27) . The present study was performed to investigate the molecular mechanisms of increased ROS production in AF induced by diabetes as well as ROS-mediated downstream signaling pathways. The primary findings included: i) The atrial fibroblasts were successfully prepared from the atrium of the rabbits using enzyme digestion and differential adhesion; ii) high glucose and H 2 O 2 stimulation promoted cell proliferation and the addition of apocynin inhibited this increase in atrial fibroblast proliferation induced by high glucose and H 2 O 2 stimulation; iii) high glucose and H 2 O 2 stimulation induced an increase in the expression of MMP9, NOXs subunits and key factors involved in the MAPK signaling pathways; iv) and the promoting effects of high glucose and H 2 O 2 stimulation were attenuated by apocynin.
In the present study, atrial tissue samples were collected from the left atrium of rabbits and were digested by 2 enzymes (trypsin and collagenase II). Then, the atrial fibroblasts were obtained from differential adhesion. Following cell collection, the cultured cells were identified by cell morphology under a microscope and vimentin expression by immunofluorescence assay. The collected cells were spindle-shaped with one or more protuberances. Cell nuclei were large with finely dispersed chromatin and 2-5 nucleoli. Additionally, collagen was widely distributed in collected cells following Masson trichrome staining (data not shown). Vimentin, a type of intermediate filament protein, is a specific marker of fibroblasts and is widely used for identifying fibroblasts (28, 29) . Following the results in the present study, a large number of vimentin-positive cells were observed under confocal laser scanning microscope. All of these results indicated that atrial fibroblasts were successfully prepared.
Fibroblasts account for 75% of the total number of cardiac cells (30) . As these cells are very small, fibroblasts only account for 10-15% of the total volume of the heart. The fibroblasts combined with the extracellular matrix constitute the cytoskeleton of heart (31). However, abnormal proliferation and differentiation of fibroblasts could induce fibrosis of cardiac tissues and dysfunction of cardiac function including AF. A previous study indicated that oxidative stress is one of the activators for abnormal proliferation and differentiation of fibroblasts (32) . In agreement with this, H 2 O 2 stimulation induced an increase in the proliferation of atrial fibroblasts in the present study. In addition, hyperglycemia can enhance the glycation of proteins and lipids, leading to an increased generation of ROS (33, 34) . Thus, the imbalance between ROS production and scavenging through antioxidant mechanisms in diabetes results in increased oxidative stress. As presented in this study, a high glucose concentration also induced an increased proliferation of atrial fibroblasts, and the combination of high glucose and H 2 O 2 stimulation presented markedly promotional effects on atrial fibroblast proliferation.
To reveal the underlying mechanism of increased ROS production and ROS-mediated downstream events, the present study detected the expression of several molecules including NOXs subunits, key molecules involved in MAPK signaling pathways as well as MMPs. NOXs are one of the primary sources for ROS and have been shown to be involved in various cardiovascular disorders through participating in redox signaling (35, 36) . Following the results in the present study, the expression of NOXs regulatory subunit Rac1 was significantly increased following high glucose and H 2 O 2 stimulation, which was markedly attenuated by the addition of apocynin (the NOX inhibitor). Recently, apocynin has been demonstrated to prevent AF development and attenuate atrial remodeling in alloxan-induced diabetic rabbits (37) . The present results indicated that ROS is excessively produced by NOXs in diabetes, contributing to the development of AF. A previous study indicated that diabetes enhanced oxidative stress, inflammatory responses in coronary cells as well the expression of MAPK signaling pathways (38) . Several factors involved in the MAPK pathway are known to regulate the cellular response to stress, apoptosis and growth signals (36) . As demonstrated in previous studies, phospho-p38 and JNK are activated by H 2 O 2 in perfused rat hearts (39) , and there is an increased expression of phospho-p38, phospho-JNK, ERK and phospho-ERK in diabetic rabbits (37) . In the present study, it was demonstrated that a high level of glucose and H 2 O 2 stimulation increased the expression of phospho-Jnk1, p38 and phospho-p38. These results indicated that the diabetes induced increase in ROS production in AF may be involved in MAPK signaling pathways, primarily in the signaling of phospho-JNK, p38 and phospho-p38. In addition, the expression of MMP2 and MMP9 were detected following different treatments. MMP9 expression was significantly increased following high glucose and H 2 O 2 treatment, and the addition of the NOX inhibitor markedly attenuated the promotional effects on MMP9 expression induced by high glucose and H 2 O 2 expression. However, MM2 expression did not markedly change following the different treatments. These results of the present study were consistent with a previous description, which reported that the expression of MMP9 increased during fibrillation of atrial tissue (40) . These results indicated that the oxidative stress primarily present or induced by hyperglycemia would lead to the increased expression of MMP9, which may have contributed to the atrial structural remodeling during AF development.
In conclusion, the atrial fibroblasts were successfully prepared using enzyme digestion and differential adhesion in the present study. Hyperglycemia and oxidative stress induced an increase in atrial fibroblasts proliferation, leading to fibrosis of cardiac tissues and dysfunction of cardiac function, including AF. In addition, during AF development, excessive production of ROS was mainly derived from NOX activity and activation of ROS induced the expression of the MAPK signaling pathway, primarily including phospho-JNK, p38 and phospho-p38 and MMP9. These results provide the theoretical basis for the anti-oxidative therapy of atrial fibrillation caused by diabetes.
